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ABSTRACT
The standard approaches to variable-speed to constant-frequency
power conversion involve various combinations of electrical and
mechanical power conversion devices. Each of the conventional ap-
proaches has its own advantages and disadvantages. The field-modulated
power converter is inherently a variable-speed to constant-frequency
machine, and is therefor a logical choice in several variable-speed to
constant-frequency applications areas.
The objective of this thesis was the analytical development and
validation of the concepts underlying an advanced type of field-modulated
power converter which was theoretically capable of bidirectional power
flow.
This objective was achieved in the following manner:
1. A particular machine implementation was given (a dual-field,
dual-phase, heteropolar inductor-alternator).
2. An analytical characterization of the machine was developed
to determine the performance requirements for the balance of
the system.
3. The machine was rewound to make its characteristics conform
more closely to those desired.
4. Based upon the analysis of the machine, a power switching
circuit was designed and implemented.
Testing of the resulting system confirmed both the general theory of
machine operation and the validity of the power circuit design.
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1.1 Problem Statement.
The field modulated power converter (FMPC) is an experimental de-
vice that converts the mechanical power applied to a rotating shaft of
variable speed into electrical power of constant frequency. As such, the
FMPC represents one of several types of power conversion systems that
achieve this transformation through the use of a rotating electromechani-
cal energy transducer and an associated switching network. Analysis of
the detailed performance of these various configurations indicates poten-
tial advantages for FMPC's over other types of power converters in certain
applications. Analysis of several proposed FMPC implementations indi-
cates the existence of significant differences among these competing field
modulated devices.
The objective of this thesis is the analytical development and vali-
dation of the concepts underlying an advanced type of FMPC which is capable
of reactive power flow. The final result is a hardware system which
demonstrates these concepts.
1.2 Motivation.
The late 1970's have seen a marked change in American attitudes to-
ward production and consumption of energy. The rapid depletion of mineral
resources coupled with an increasing public reluctance to accept the nu-
-clear alternative has led to unprecedented interest in the various "soft"
energy paths. This term has come to embrace a wide range of technologies
including:
1. Solar Power (in photovoltaic form)
2. Solar Power (thermal)
3. Wind Power (solar derivative)
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4. Geothermal Power
5. Hydroelectric Power (solar derivative)
and several others.
Of the technologies listed above, the first three do not display the
intense economies of scale inherent to more conventional power technologies.
Indeed, wind and photovoltaic solar power generation lend themselves to
application at the household or neighborhood levels. The questions arising
from interface requirements at these levels have not as yet been fully
dealt with in the context of available technology and existing system re-
quirements. The FMPC represents a potentially useful and beneficial solu-
tion to some of these interface problems because it represents a power
conversion approach with a distinct advantage. Succinctly stated, this
advantage is the inherent ability of the FMPC to convert the mechanical
power associated with a rotating shaft of variable speed into constant -
frequency electrical power. This capability makes the field modulation
concept particularly appropriate in the following soft energy applications
areas:
1. The majority of approaches to wind driven power generators
require the use of a rotating machine. Conventional designs
generally employ a synchronous or induction motor as the power
generator, and vary the windmill blade pitch to maintain proper
rotational speed.' The FMPC allows selection of optimum wind-
mill blade pitch under relaxed rotational speed constraints.
2. The energy storage flywheel is under consideration for use in
three contexts:
a. as a buffer between a photovoltaic array and the power
grid 2
2. (continued).
b. as a load leveling device between the load (typically
a home or a neighborhood) and the power grid 3
c. and as the primary energy storage device in stand-alone
applications.4
Such a flywheel energy storage system (FESS) would require a bidirec-
tional power converter with characteristics very similar to those of a
bidirectional field modulated power convertor.
Thus, strong motivation exists for the development of FMPC technology.
It is in this area that this thesis strives to make a contribution.
1.3 Background.
High-power electrical frequency conversion may be performed with
I. phase controlled solid state switching devices such as SCRs
or transistors, or
2. multi-stage electromechanical conversion systems of the motor/
generator type.
The standard approaches to variable speed-constant frequency (VSCF)
power conversion involve many combinations of these two types of power con-
version devices with various purely mechanical power conversion devices.
These combinations may be grouped as follows:
1. Constant speed systems, where differential action is accomplished
by mechanical or hydraulic means, as shown in Figure 1.3.1a.
2. Constant frequency systems, which supply the difference frequency
to the AC generator field, as shown in Figure 1.3.1b.
3. Multiple machine systems, which require multiple stages each
capable of handling full power, as shown in Figure 1.3.lc.
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4. AC-DC-AC systems, which rectify the AC output and then synthe-
size the desired output frequency from the DC. A sample of
this type is shown in Figure 1.3.1d.
5. Cycloconverters (AC-AC), which use semiconductor switching
stages to convert directly between frequencies, as shown in
Figure 1.3.1e.
The constant speed and constant frequency approaches require difficult
control and are consequently characterized by limited output frequency
regulation. The multiple machine and multiple semiconductor stage sys-
tems have better frequency regulation, but suffer in efficiency. The
cycloconverter suffers from a unique problem, for its single-stage nature
implies that pulse width modulation cannot be used as in the AC-DC-AC
approaches. Substantial output filtering must therefore be performed,
necessitating a bandpass filter capable of handling full output power.
While this list of problems is by no means definitive, it is clear
that these systems suffer from the complexities required for VSCF oper-
ation. As the FMPC is inherently a VSCF machine, the cost and efficiency
penalties described above are less applicable to its single stage, inte-
grated design. Consideration of the various applications for which VSCF
machines have been designed indicates the potential advantages of the
FMPC.
High-power frequency converters have been developed for many dif-
ferent applications areas. The problem was addressed quite actively in
the late 1950's in the context of aircraft power systems, where electro-
mechanical conversion of the variable speed rotational energy of a jet
turbine into regulated 400Hz AC was the desired result. s-9
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A common single-stage approach of the time was more accurately termed
a single power stage approach. It utilized a rotary power converter in
conjunction with a low power "exciter" stage to produce the appropriate
output frequency.
The output frequency was proportional to the difference between the
rotational speeds of the main rotor and of the "exciter". Control of
output frequency could therefore be effected, with substantial power gain,
through variation of the exciter rotor speed. One difficulty with the
approach was that in order to obtain constant output frequency regardless
of input frequency, machines of this type required servo loops or the
equivalent about the exciter rotor drive. Investigations of this type
of approach were curtailed in the early 1960's as high power controlled
semiconductors captured the attention of the aerospace power conversion mar-
ket. Small size and reduced weight made power semiconductors a seemingly
ideal solution to the applications problems of the aerospace industry. The
promise of these semiconductor technologies has yet to be fully realized in
this application, however, because of reliability and electromagnetic in-
terference (EMI) problems. In fact, several decades after the introduction
of these devices, many military aircraft still use a hydraulically coupled,
constant-speed approach to VSCF power conversion.
Thus, the need for single-stage VSCF power converters in both military
and civilian applications still exists. Although the basic patents for
such machines date back at least as far as 1947,10 relatively little work
has been done to exploit the unique advantages offered by this type of
approach. One major effort in this area has been work conducted since the
early 1970's at Oklahoma State University by H. J, Allison, R, Ramakumar,
and W. Hughes. 11-14 The "Field Modulated Frequency Down Conversion
Power System" used modulation of the excitation fields of synchronous
machine to produce a Double Side Band (DSB) output which was then demodul-
ated and rectified. The output was capacitively tuned at the output fre-
quency, insuring that the SCR based rectifier commutated correctly.
A logical sophistication would be the relaxation of the constraint
upon output tuning. Clearly a device which exhibits performance similiar
to that of the Oklahoma State University machine without the same power
factor limitations would be a desirable improvement. This thesis deals
with the theory of operation and experimental data obtained from a parti-
cular embodiment of such a device. Background for several application
areas has been included in order that the reader appreciate the analysis
and results in the proper context.
As might be expected, this thesis must deal with the design process
for the field modulated power converter at several levels of abstraction.
These levels are organized in order of decreasing abstraction as follows:
chapter 2 deals with the FMPC as a device, to be used in conjunction with
other devices to form systems designed to solve specific needs; chapter 3,
the general operating characteristics of a FMPC without considering the
details of the application; chapter 4, the specific design implementation
of the FMPC which was built and tested; chapter 5 relates the specifics
of the test procedure for this system as well as the results of said
tests. The balance of the thesis returns to the higher level of abstrac-
tion by evaluating the results of the design and test phase in the con-
texts of overall performance and suitability for potential applications.
2.1 Fundamental Requirements for VSCF Operation.
A generalized rotary power conversion System transforms rotational
mechanical energy to and/or from electrical energy, Ideally, there are
two ports through which energy can be transferred, as shown in Figure
2.1.1. The mechanical port is characterized by a speed (wshaft) and a
torque (Tr). The electrical port is characterized by a voltage (V ) and
a current (Io ). The designation of a device as VSCF partially constrains
the behavior of these variables. Variable Speed (VS) implies a shaft
speed which varies over a prescribed range under normal operating con-
ditions. Constant Frequency (CF) implies an electrical output frequency
which is regulated within a prescribed range. Comparision of these two
statements, however, indicates that the terms "variable" and "constant"
are somewhat arbitrary, distinguished by degree. In general, variable
speed or frequency would be characterized by variations of 20% or more,
whereas constant speed or frequency could be characterized by deviations
less than this. A similar distinction can be made if a comparison is
drawn between VF and CF output systems. A CF system is unable to effect
a controlled change of frequency within its regulation range. The out-
put frequency of such a system may be written as simply:
Wo Wab + We (1)
where: w is the output frequency,
wb is the base output frequency,
and we is an error term dependent upon the many
regulator parameters. In contrast, a VF system exerts control over
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output frequency, typically adjusting to the required frequency again
subject to the limitations of its regulation capabilities. The ex-
pression for the output frequency of such a system is
O = 0.b + A + We (2)
where the new variable Aw accounts for frequency adjustments within
the operating range of the device. One further relationship is re-
quired for explicit characterization of a VSCF system. This relation-
ship is found in the actual meaning of the term VSCF, which is that
deviations in shaft speed are decoupled from the output frequency.
Thus, the output frequency of a VSCF system (wo) has a very low sensi-
tivity to shaft speed (Ws). In terms of normalized sensitivities the
mathematical criterion required for VSCF operation is:
W S 3 0O <<1 (3)
0 S
A VSCF system may therefore be defined by equation (1) or equation
(2), provided the output frequency sensitivity is acceptable.
With this fundamental requirement defined, attention is directed
toward interface requirements common to the VSCF applications of
interest.
2.2 Interface Requirements Common to VSCF Systems.
The interface requirements for various "soft" energy conversion
systems are quite different on the input side. Nonetheless, it is
also true that most such applications require output power to be
conditioned and of a form compatible with existing equipment. The
output side of any such power conditioning system is, therefore, highly
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dependent upon the exact characteristics of the overall power dis-
tribution network, henceforth to be referred to as the power grid.
In general, the grid consists of an array of unpredictable time
varying sources and sinks. These systems can be reduced to four
basic classes as follows:
Class I: Class I includes those grids which will accept or
deliver at any time any amount of power within the capabilities of
the power converter.
Class II: Class II includes those grids which will deliver at
any time any requisite power within the capability of the power con-
verter; but which cannot accept at all times the full power output
capability of the power converter.
Class III: Class III includes those grids which will accept at
any time any requisite power within the capability of the power con-
verter, but which cannot deliver sufficient power to meet at all
times the full power input capability of the power converter.
Class IV: Class IV includes those grids which are capable of
neither accepting nor delivering at all times the full power capacity
of the power converter.
Another important category which cuts across class distinctions
is the "stand alone" configuration, where the power converter does
not interface with a complex and time-varying grid, but with its
prime energy source and a completely specified load only.
This well-ordered categorization of grid types is complicated by
the addition of economic factors. For instance, time-varying costs of
grid power can make it economically advantageous to consider a given
19
grid as belonging to a more restrictive category. Such economic
restrictions are often applied at the residential and neighborhood
levels.
The implication is that the power transfer characteristics of
even a well defined grid are not absolutely defined. The more funda-
mental parameters are the number of phases and the voltages and fre-
quency ratings. The United States residential norm is 60Hz split
phase with each side rated 115 volts rms. The ease with which a
power conversion system can be configured to comply with these speci-
fications is a complicated function of the basic mode of operation,
the implementation, and the required tolerances.
Although a VSCF-to-grid interface could conceivably fall into
any one of the four power transfer classes, the scope of this chapter
is limited to the identification of several very specific cases in
which application of a Field Modulated Power Converter (FMPC)
shows potential for performance superior to that of more conventional
technologies. Two "soft energy" technologies which merit serious
consideration are wind energy, discussed in section 2.3, and photo-
voltaic energy, discussed in section 2.4.
2.3 Wind Energy Conversion System.
Wind driven power systems are most often required to form the
interface to one of three very distinct grid configurations. Two of
these fall into the "stand alone" category while the other is typically
either a Class I or Class II grid. None of these three configurations
require time average power flow from grid to windmill. If the assump-
tion is made that the grid is capable of absorbing reactive power,
20
Classes III and IV can be ignored for wind driven power converters.
The three applications alluded to above for windmill power
converters are determined entirely by the following grid specifica-
tions:
1) Stand alone configurations in which continuous grid power
is required, as shown in Figure 2.3.1a. These systems require some
type of intermediate energy storage which is most often a mechanical
or electrochemical type. This particular configuration is usually
applied in isolated areas. Fixed costs associated with the storage
devices put this type of system at an economic disadvantage.
2) Stand alone configuration of the type shown in Figure 2.3.1b
in which duty cycle is noncritical. The system is therefore sized
such that the time average power flow is adequate to the requirements
of the grid, which is more accurately termed a load for this case.
Examples are irrigation pumps and space heaters.
3) Configuration in which one or more wind generators are con-
nected to a large Class I grid as shown in Figure 2.3.1c. The assump-
tion that the grid is Class I removes the need for intermediate
storage. This application has received considerable attention as a
means of alleviating loads on utility company resources, but is
predicated upon the assumption that the utility will accept the re-
verse power flow on both economic and electrical bases.
With the exception of Class I systems, some degree of inter-
mediate energy storage is necessary in order to decouple the energy
source from the demand characteristics of the load. The form of this
storage, however, is not limited to purely electrical means. Indeed,
21
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such means can provide poorer performance than more obvious and avail-
able methods. Consider a well pumping station which is required to
have a reserve pumping capacity. Such an application could be served
by a windmill, a bank of batteries and a pump, Upon demand the bat-
tery driven pump could be activated, with battery energy replenished
by the windmill. The expense of the batteries could be eliminated,
however, through use of a holding tank. Whenever suitable power was
available, the pump could be turned on directly, without even the arti-
fice of a power converter. Water could be pumped into the holding tank,
where energy would be stored as mechanical potential energy. This type
of approach requires a pump which has high efficiency characteristics
throughout its operating range. A tradeoff therefore exists between
the differential pump and storage system costs. Cost benefit analysis
of the type required must account for a plethora of different perform-
ance, reliability and cost factors, all of which must be incorporated
into any practical design considerations.
The point to be made is not that the above approach is superior,
but that a purely electromechanical system is not necessarily the best
or the only way to approach the problem. In a case where a phase lock-
ed 60Hz output is required, electrical conversion is clearly required.
There are many such cases, and it is in these applications that the
FMPC shows greatest value. In a line-coupled application, a VSCF de-
vice allows optimum selection of rotor pitch and speed, without damag-
ing the quality of the 60Hz interface, In addition, FMPC units may be
easily connected in parallel, since each can be independently locked
into line frequency and voltage, regardless of turbine speed. Thus
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a windmill "farm", such as that shown in Figure 2,3.2 could easily
incorporate many relatively small sized turbine units, each coupled
to an FMPC as shown. This same type of tradeoff exists in another
promising application area: photovoltaic energy and the Flywheel
Energy Storage System.
2.4 Flywheel Energy Storage Systems.
Another obvious application for a VSCF converter with a full bi-
directional capability is to couple power into and out of a flywheel.
Such a flywheel could be used for energy storage in several specific
applications areas where intermediate energy storage is either desired
or required. The three such areas which have received the most serious
attention at the Draper Laboratory are load leveling at the utility or
residential levels, complementary storage for "soft" energy systems,
and various vehicular applications.5,l 16 While implementation of any
of these systems will require more than an improvement in VSCF power
converter technology, such an improvement represents an important step.
The actual hardware work performed produced a FMPC with a bidirectional
VSCF capability. Several candidate Flywheel Energy Storage Systems
(FESS) applications for this device are described to indicate the po-
tential next steps in the hardware development sequence.
Utility load leveling implies temporary storage of energy for the
improvement of load characteristics as seen by the main grid supply(ies).
Residential load leveling implies the temporary storage of energy for
the improvement of demand characteristics at the consumer level. The
primary motivation in both cases is reduction of marginal power costs.
The basic system configuration for either application is as shown in
24
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Figure 2.4.1 Requirements for acceptable performance clearly include
a bidirectional VSCF capability, for which the FMPC is extremely well
suited. In addition, the power factor correcting capability of the
FMPC is also needed for this application. Proper operation will re-
quire feedback control of field voltages, including the use of phase-
lock techniques to synchronize the modulated output with the grid
frequency.
Potential topologies for complementary flywheel energy storage for
interface between photovoltaic arrays and the grid are shown in Figure
2.4.2. note that a load leveling capability can be added through the
addition of a bidirectional converter between flywheel and grid. As
the number of possible operating modes increases, the number of con-
figurations increases factorially. Note, however, that a single FMPC
system is not adequate to the task without the addition of other power
conversion units.
A related application is to use a flywheel in conjunction with a
windmill. Again a myriad of topologies arises, as the FMPC may now be
applied to the prime mover and/or the storage flywheel independently as
shown in Figure 2.4.3.
Finally, vehicle FESS applications include:
1) low energy, high power applications such as regenerative
braking, and
2) high energy, high power applications such as engine load
leveling.
These vehicle applications are extremely demanding, and it does
not appear that the specific characteristics of the FMPC are as bene-
26
Low Loss Bearings
Flywheel Energy Storage Module
Motor Generator
Figure 2.4.1 FESS in Load Leveling Configuration
(a) Conventional VFAC-DC-CFAC
(b) Conventional VFAC-CFAC
(c) FIPC Based System. VS-CFAC
Figure 2.4.2 Potential Configurations for FESS Supported
PVA System
1 Module
Module
DHz
rid
Figure 2.4.3 Potential
with FESS
Configurations for Windmill
7
ficial in these applications as in the others described. Moreover,
the tremendous number of possible configurations for vehicles which
incorporate FESS in their design makes evaluation of the utility of
each configuration a task which presents little yield for the effort
required.
The purpose of this chapter is to indicate the types of applica-
tions in which the FMPC could be applied. The FMPC itself is con-
sidered a device in this context; this chapter has merely indicated
some of the systems in which that device may be applied. Having identi-
fied these potential applications, this thesis proceeds with the de-
scription of theoretical device operation presented in chapter 3.
3.1 Introduction to the Dual-Field Machine Concept.
Design of a VSCF power converter requires the selection of a
rotary power transducer. Several types of rotary power transducers
are compatible with field modulated implementations, but a special
purpose dual-phase dual-field heterpolar inductor alternator-was
selected because it combined suitable performance with a heuristically
straight forward control structure.
The dual-field concept reduces the need for output filtering by
using the totating machine to preshape the output waveform. A dual-
field machine used in conjunction with a suitable control system
eliminates the need for complex commutation circuitry. The successful
implementation of a machine and switching network capable of achieving
these advantages rests upon several unusual facets of design and con-
struction. While the rationale behind the dual-field approach is con-
ceptually straightforward, the detailed operating characteristics of
the machine can be a source of confusion. The development of machine
operation is therefore presented in three parts. Included in this sec-
tion is a brief look at the basis of the dual-field concept as applied
to power factor correction of the high frequency output of an unmodula-
ted variable speed variable frequency (VSVF) machine. Section 3.2 ex-
plains how two such machines on a common shaft can be used to produce
direct current output. Section 3.3 details how field modulation may be
applied to produce a double sideband, suppressed carrier (DSB-SC) power
output. In addition, a switching circuit is described which demodulates
this DSB-SC waveform, producing a system with a variable speed constant
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frequency (VSCF) capability. The details of the design, construction
and test of this system are described in chapters 4 and 5.
in the dual-field approach, a second machine field is used to com-
pensate for the effects of machine reactance. The output windings
of a typical generator may be represented by a voltage source (Vemf) a
resistance (Rm) and an inductance (Lm), while the load is modeled as a
resistance (R1). This simple case is shown in Figure 3.1.1a. While
this model is clearly not completely general, it is representative of
a wide class of systems and is adequate for illustration of dual-field
operation. In the case where R1 >> Rm , the circuit shown in Figure
3.1.1a can be easily simplified to the circuit of Figure 3.1.1b. For
the brushless inductor machine used in this thesis, the emf generated
is necessarily AC. Since the only source in the system is AC, it
follows that the voltage drop across the inductance must be in phase
quadrature with the voltage across the equivalent resistance.
The reactive power across the inductance wastes machine capacity
and complicates the commutation process, and should therefore be mini-
mized. The reactive component lags by 900. If a second voltage with
equal amplitude and opposite phase is generated elsewhere in the machine,
and added to the voltage from the output winding, the quadrature com-
ponent of the output voltage can be exactly compensated. Voltage across
the load is then in phase with the current, which is desirable for
either commutation or rectification. Thus the dual-field machine gener-
ates two independently controlled emf's in phase quadrature as shown in
Figure.3.1.2. By proper adjustment of the input field currents, the
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voltage and current zero crossings can be made to coincide.
If the machine is wound to produce a sine wave output as shown
in Figure 3.1.1, the resulting output is a sine wave at the alternator
frequency. If the machine is wound to produce square wave outputs,
the result is still unsatisfactory because of attenuation of higher
frequency harmonics by the machine inductance. Consider the impedance
network formed by machine inductance and load resistance. The voltage
divider formed between Vmachine and Vload is defined by the ratio:
R (1)L R+jwL VD
The superposition of the two inputs depicted in Figure 3.1.2 produces
the following expression for VL(w):
RVD() RVQ() (2)V (W) D + (2)L) = R+jwL R+jL '
where the machine has been designed such that VQ(w) is related to VD(w)
by the relation
VQ = j.k.V (3)
where k is a gain to be determined. If the expression for VL(w) is
seperated into phase and quadrature components, the resulting relation
is:
R2 V - jwLRV R2V - jmLRV
VL(w ) = D Q + D (4)
R2+2L2 R2 2L2
The requirement that VL(t) be in phase with VD(t) implies that
the second term in the above expression equals zero. This condition
is met when
R2VQ = jwLRVD  (5)
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Substitution for VQ reveals that the quadrature gain coefficient
which satisfies this relation is
k = o L/R (6)
where wo is the fundamental frequency of Vemf* If equations (3),(5) and
(5) are now combined and substituted into equation (4), the resulting
expression for VL(W) becomes
VL() = (R 2+ww L2  VD (7)R2 2L2
R +W L
Clearly, for the fundamental frequency, VL(t) = VD(t). At the
higher harmonic frequencies, however, attentuation occurs. This attenu-
ation is particularly acute for values of woL > R.
The result of this effect is that VL(t) is not a square wave, and
therefore any attempt at rectification in order to produce DC would
require substantial filtering. The potential for reduced filtering
requirements motivates the introduction of a second machine phase, which
is the subject of the next section.
3.2 Dual-Phase Dual-Field DC Operation.
Use of two phases avoids the problems encountered with a simple
single phase dual-field machine, allowing design of a more flexible
machine at the expense of greater system complexity. Analysis of this
improved machine begins with the dual-field machine described in
section 3.1. The back emf from such a machine is shown for direct
field excitation in Figure 3.2.1a, and for direct and quadrature field
excitation in Figure 3.2.1b.
If the condition R >> oL does not exist over the operating range
of the machine, the current output waveform of a single phase is found
to be a close approximation to an in-phase triangle wave as shown in
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Figure 3.2.1c. Rectification of this waveform produces the double
frequency waveform shown in Figure 3.2.1d.
If a second phase is now used to generate the quadrature wave-
form shown in Figure 3.2.1e, it should be clear that the sum of the
two rectified current waveforms is DC with virtually no ripple. As
the load was assumed to be resistive, it follows that the output
voltage must also be DC, and that the output voltage across phase 1
is therefore what was expected from Figure 3.2.1a. Thus parallel
operation of two machine phases provides a means for VSDC power con-
version. Figure 3.2.2 provides a pictorial representation of this
configuration, identifying the available energy ports, which are
defined as follows:
1) The control inputs ID and IQ, which are the currents in
the direct and quadrature field windings respectively. These inputs
independently control the magnitude of the two voltage components
in each output phase.
2) The power source, which supplies mechanical energy to the
system. The rotational frequency (w) of the drive motor determines
the electrical frequency of the emf, and the amplitude of both vol-
tage components in each output phase.
3) The two output phases transfer electrical energy between
machine and load. The amplitudes of the two output waveforms are
identical. The only difference between them is the 900 phase dis-
placement which exists regardless of input frequency.
While Figure 3.2.2 shows general relationships between inputs
and outputs for the system, Figure 3.2.1 shows relationship between
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output waveforms based upon the assumption that the inductor machine
is operating as a generator. If the output switches are uncontrolled
rectifiers, this is the only possible mode of DC operation. If, how-
ever, the switching network has independently controlled elements,
operation in the motor mode is possible. Figure 3.2.3 shows the same
relationships shown in Figure 3.2.2 for motor mode operation. From
this figure it can be seen that power flows for the "load" to the in-
ductor motor at all times. The frequency applied to the input/output
windings by the "load" determines the speed of the inductor motor,
subject to its ability to capture and lock the motor into synchroni-
zation. In general, such a synchronization requires a closed loop
controller, particularly if variable speed operation is the objective.
The voltage and frequency applied at the input/output terminals
are used to determine the input required to the direct field. The
quadrature field input is a function of frequency and the output tor-
que required.
Thus, the two potential applications are quite different, al-
though not mutually exclusive. In motor mode, two DC-AC inverters
operating in phase quadrature are required. The resulting system has
the characteristics that, within the limits of the machine design, an
arbitrary, fixed DC voltage is converted to a variable speed output.
In generator mode, two bridge rectifiers are required. The resulting
system has the characteristic that a variable speed input is required
to a variable voltage DC output.
The capacity for interfacing between a given rotor frequency and
an arbitrary voltage at the input/output terminals is an advantage of
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a field controlled machine. Field modulation represents a more com-
plete utilization of this capacity, which produces a machine capable
of VSCF operation.
3.3 Dual-Phase Modulated Dual-Field Operation.
Field modulated frequency conversion entails the sinusoidal vari-
ation of the current applied to the input field windings. There are
therefore two frequencies present in the system:
1) Walternator, abbreviated ma is the electrical frequency of
the back emf. It is directly proportional to shaft speed and acts
as a high frequency carrier for the modulating waveform.
2) mm is the modulation frequency applied to the input field
windings. For passive loads, Um is the frequency at which power is
delivered to the load. For active loads which contain an indepen-
dent frequency source, wm must be phase locked to the load source
for proper operation.
Figure 3.3.1 details the general system configuration for a bi-
directional field modulated machine of the dual-phase dual-field de-
sign. Transformer coupling effects are generally assumed negligible,
an assumption which is proved valid later in this section. In the
absence of these coupling effects, machine operation can be modeled
as a series of unrelated static cases, where the time rates of change
of the system parameters have a negligible effect upon their in-
stantaneous values. Despite this simplifying assumption, system
operation is more complicated than for a purely DC case for several
reasons. Any passive load with a nonunity power factor requires
machine operation in all four quadrants of the voltage current plane,
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and therefore requires a fully controllable switching network as de-
scribed in Section 4.1. The implication is that the machine alter-
nates between "motor" and "generator" modes within each cycle. When
these terms are used in reference to field modulated machines, the
context must be qualified through the addition of the modifiers "in-
stantaneous" or "time average". When no such qualification is made,
it is assumed in this thesis that the "instantaneous" definition
applies.
An additional concern not present in the unmodulated case is the
phase relationship between the two field inputs. The following analy-
sis reveals the correct input phase relationship as a function of the
output power factor ýload based upon the model shown in Figure 3.3.1.
A functional representation for a periodic square wave is introduced
in order to simplify the analysis. The function is written s(t) and
is defined through the use of the sine function as follows:
s(t) = 1 sin > 0
s(t) = -1 sin < 0
Graphical representations of the waveforms discussed in the ana-
lysis are shown in Figure 3.3.2. It is assumed that the current wave-
forms in each phase are triangular, as shown in Figure 3.3.2. This
implies that di/dt in each phase can be represented in the form di/dt =
AI(t)s(wat+ p). The defining equations for one phase are
VD(t) + VQ(t) - L di/dt = V (t) (1)
For phase 1, the values of these terms are:
VD(t) = VD(sin Wmt)s(Gat) (2)
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VQ(t) = VQ sin (wmt+ý) s(W at+900)
L di/dt = L IL Wa s(at+90o) =
L RL+ L a (sin wmt). S(mat+90 0 ) =
(3)
(4)
VL(RL-JwmLL) a (sin wmt) • s(a t+90 0)RL2+m 2 2 ma
Expansion of equation (4) into its real and imaginary components
produces the following expression for Ldi/dt:
RLma 2 mmmaLLV L a 1 sin - L cos t s(a t+90 0) (5)L2+m2 2  m2+ m2 2 m a
L m L L L L
Vo0(t) = VL(sin wmt)* s(mat) (6)
It should be clear that in-phase terms of each frequency equate.
Combination of equations 1 through 5 therefore implies the following
relationship:
VD = VL
waL RL
V cos L V
QL (RL 2+m2 LL2
(7)
(8)
maL mmLL (9)
VQ sin L 2 2 2 (9)Q L(RL 2+mm2 LL2
Equation (7) indicates that the excitation for the direct field
controls the voltage output. Equations (8) and (9) indicate that ý,
the phase angle of the quadrature field output, should be identical to
the power factor angle of the load. The magnitude of this input is
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proportional to both VD and machine speed, as equation (10) indicates:
VQ - a L.VD (10)
In this idealized analysis, the "direct" and "quadrature" excita-
tion fields can be considered to be controlling the load voltage and
current respectively. This approach is heuristically satisfying and
eliminates the ambiguities associated with the "quadrature" and "di-
rect" terminologies. This approach is invalidated, however, by the
transformer coupling effects alluded to earlier. Because of these
effects, the output of a given I/0 winding with input fields adjusted
as in equations (7), (8) and (9) would be
VL(t) = VL(sin wmt)* s(wat) + m (cos mmt) • s(mat+90 0) (11)
a
rather than the desired
VL(t) = VL(sin Wmt) " S(wat) (12)
Thus, in the general case an additional term proportional to
wm/ a must be added to the quadrature field input. This term alters
equation (9) as shown:
waL w mLL
VQ sin W VL m + VLQ L (R2+m 2 L 2  L (13)
(RL +Wm LL ) a
This term clearly alters both the phase angle and magnitude of
the quadrature field input. Indeed, it implies that IQ(t) and ID(t)
are never in phase, even during operation into resistive loads. The
magnitude of this compensating term is clearly a strong function of
several parameters. If the condition
m << a (14)
a
exists, the term is negligible and can be ignored. Consider the
design parameters for the tested system:
W = 60Hz • 27
2rB500Hz < wa < 2 Tr 1000Hz
L = 10.lmH
Rewriting equation (14) in a more conventional form, and sub-
stituting in the worst case values of the parameters above, the fol-
lowing relationship is established:
<< 1 (15)
a 2 L
or
n~ 2r - 60
<<1
(500)2 (2T)2 (.0101)
which reduces to
.012 <<l
Transformer coupling was therefore ignored throughout the design
process for this system. It is interesting to note the appearance of
the term wm/wa in relation (15). The implication is that a high ratio
of alternator frequency to modulating frequency is desireable. This
is a necessary condition for acceptable modulated operation.
4.1 Power Switching Circuit Design.
The order of complexity of the switching circuit is dependent
upon the modes in which the system will be required to operate. In
the simple unmodulated mode, the uncontrolled bridge rectifiers as
shown in Figure 4.1.1a are adequate for generator operation where
power is transfered from the rotary machine to the load. If power
transfer is also required in the opposite direction, the diodes in the
bridge must be replaced with controlled switches, and the resulting
rectifier/inverter circuit controlled via a circuit incorporating posi-
tion feedback as shown in Figure 4.1.1b.
Field modulated (AC to AC) operation implies full bidirectionality.
The switching circuit must therefore be capable of switching currents
of both polarities. Again generator operation requires less complexity
than does full motor/generator capability. The distinction between the
two, however, is less distinct than in the DC (unmodulated) case.
Characterization of AC loads introduces additional parameters, in-
cluding power factor. The fact that current and voltage have a phase
shift between them implies that the machine will operate as a "motor"
for part of each cycle for any power factor other than 1. While the
reactive power flow does not contribute a net average power, the switch-
ing circuit must be capable of handling positive and negative instan-
taneous power flows if reactive loads are supplied. Capacitive tuning
is also a possibility, but the approach solves the problem by changing
the characteristics of the load, a sacrifice of both generality and
practicality.
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If the machine is to be used solely to supply power to a re-
sistive load, the simpler switching circuit shown in Figure 4.1.2a
can be used. Each machine output phase is connected to eight uni-
directional controlled switches (such as SCRs) arranged as two bridge
rectifiers of opposite polarity. At a given instant, either one
bridge or the other is enabled. When the polarity of the output cur-
rent (or voltage) crosses zero, the four switches corresponding to
the appropriate rectifier bridge are activated, and the other bridge
is deactivated. The details of the activation and deactivation of the
switches are dependent upon the implementation.
In the most general case, proper trigger circuit operation requires
position feedback. The topology of the switching circuit is electri-
cally identical to that shown in Figure 4.1.2a, but representation in
terms of two "bridges" is less meaningful. A more heuristically
appropriate schematic of the topology is shown in Figure 4.1.2b. Tech-
nically, full control would imply the ability to activate and deacti-
vate each switch independently. In fact, control of certain switches
in pairs is both necessary and sufficient for operation in the com-
pletely general case. The elements of each pair are determined as
the unidirectional switches which, when activated, complete a circuit
between alternator and load. In Figure 4.1.2b, the designated switch
pairs are 1 and 8, 2 and 7, 3 and 6, and 4 and 5. The firing sequences
required are discussed in section 4.2. Several required characteristics
can be determined, however, before consideration of the details of the
firing order.
r -n
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pairs: 1,8; 2,7; 3,6; and 4,5.
Figure 4.1.2 Switching Topologies for Modulated Systems.
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Consider Figure 4.1.3, which indicates the four possible com-
binations of voltage polarities for a given current polarity in one
output phase. The switches are drawn as SCRs, primarily to indicate
current carrying properties, and specific turn on and turn off proper-
ties are not yet assumed. Figure 4.1.3a indicates the case equivalent
to simple generator operation. Switches 2 and 7 are active and Vemf
has the same polarity as Vload. The voltage across switches 4 and 5,
which are the only other switches capable of carrying current of appro-
priate polarity, is -Vload, as indicated for the dotted SCRs shown in
the figure. Case 2 is equivalent, with Vemf of opposite polarity to
Vload, but power still flows into the load. Switches 4 and 5 conduct,
while 2 and 7 have -Vload applied to their terminals.
Negative power flow alters the situation. Figure 4.1.3c indicates
the case where Vemf is positive, but Vload is negative. As can be seen
the voltage impressed upon devices 2 and 7 is now +Vload. Thus, the
alternating bridge rectifier approach is not applicable if motor mode
operation is intended. In case 3 switches 2 and 7 must not be activated,
despite the high forward voltage applied to them. They must therefore
be explicitly disabled. Moreover, when Vemf becomes negative, as in
case 4, switches 4 and 5 must be explicitly disabled and 2 and 7 must
be activated. Proper triggering for such a transition requires know-
ledge of the polarity of the back electro motive force, which is not
readily-measured in a machine operating under load.
The approach chosen avoided direct confrontation with the problem
through use of a position sensor, which is used to infer the polarity of
the emf. The details of the implementation are discussed in section 4.2.
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Switch Specification
The actual switching network implemented was designed to be cap-
able of operation into generalized AC or DC loads. Restrictions im-
posed by the design of the alternator itself limited output voltage
to 100 volts (DC) or 200 volts (AC peak to peak), which precluded di-
rect interface with a standard 11OV, 60Hz grid. Thus the forward and
reverse breakdown voltage of the switches must exceed 100 volts. A
substantial safety margin beyond this figure must be maintained unless
1) the control fields are adjusted perfectly and 2) no noise or surges
pass from load to alternator or vice versa. It was expected that a
safety margin factor of 2-2.5 would be adequate, but switches in the
400-500 volt range were specified to insure compatibility with a
standard grid. The maximum output current specification for the
machine is 4 Amps. A 5 Amp continuous current rating for the output
device therefore allowed for a substantial safety margin.
Choice of device type was influenced most heavily by the specific
characteristics of the switching waveform, as opposed to cost, avail-
ability or ease of application. Nonetheless, after consideration of
bipolar junction transistors, Metal Oxide Semiconductor Field Effect
Transistors and standard and asymmetrical SCRs, the decision was made
to use an inexpensive SCR approach. The reasons for this decision
were two-fold. The primary motivation was the synchronization of the
voltage and current output waveforms which exists for each output phase
when the field inputs are correctly adjusted. This naturally commu-
tated output can be switched by SCRs without the need for an additional
commutation forcing network.
Furthermore, the lack of turn off control for SCRs implies that
misadjustment of the input fields is not likely to cause catastrophic
failure. As detailed in chapter 3, the input fields control the mag-
nitude and form of the voltage and current of each output phase. Mis-
adjustment will create waveform distortion, including phase deviations
between the voltage and current output waveforms. Two basic cases are
possible: where current leads voltage, and where voltage leads current.
Relatively mild examples of each behavior are shown in Figure 4.1.4.
Voltage lags current in Figure 4.1.1a. If the assumption is made
that the system contains exclusively inductances, then only currents
represent stored energy. Thus, at point A in Figure 4.1.4a, there is
no energy stored in this portion of the system, and machine inductance
will therefore not produce catastrophic failure. The current flowing
through the load inductance, however, insures that the sum of the out-
put currents from the two phases remains approximately constant over
one electrical cycle of the alternator.
For the lagging current case, the SCR trigger signal is removed at
point B, but the SCR maintains its conduction of forward current until
point C. The result is an incorrect, but nondestructive mode of oper-
ation. A transistor of any type has a controlled turn off. Use of a
controlled turn off device in a current lagging case would require
additional energy recover/dissipation devices to protect the system
from the transients produced by the switch turn off. This factor, in
conjunction with the superior transient over-voltage and over-current
capacities, led to the selection of an SCR based power stage.
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The specific SCR chosen for use in the breadboard system was the
RCA S5800E. This device has the voltage and current ratings described
earlier in a fast turn off configuration. Turn off times are determined
by the reverse recovery characteristics of the device. Fast turn off is
desirable for minimization of waveform distortion. The 6ps figure asso-
ciated with the S5800E series corresponds to an insignificant 2.160 at
the 1000Hz maximum alternator frequency.
4.2 Firing Control Circuit Design.
Proper operation of the switching circuit is critically dependent
upon the precise timing and order of the trigger circuit outputs. These
outputs are determined based upon information fed back from the power
system as shown in Figure 4.2.1. As indicated in the Figure, the voltage
across the load VL(t), the current through the load iL(t) and the rotor
position completely specify the operation of the trigger circuit. Under-
standing of trigger circuit operation can be aided by use of the fact a
prior knowledge of the polarity of the output current immediately elimi-
nates 50% of the semiconductor switches from consideration. For instance,
when iL(t)>0, only switch pairs 2, 7, and 4, 5 are oriented such that
they can be made to carry current.
Thus, current will be switched between these two switch pairs, de-
pending on the voltage and rotor position.
Position Sensor. The rotor position input is used to provide infor-
mation about the machine back emf. The input comes from a light reflec-
tion emitter/sensor array (Fairchild FPA-105), which senses the presence
of the rotor teeth as they pass. If the sensor is aligned with the edge
of a stator tooth as shown in Figure 4.2.2, a signal is produced from
which the polarity of the back emf generated by the direct phase can be
directly inferred. Phase shifting this signal by 900 then provides the
polarity information for the back emf of the quadrature phase.
A block diagram showing sensor, conditioning electronics and phase
shifter are shown in Figure 4.2.3a. Because the FPA-105 displays typical
rise/fall times of lO00ps, a high speed schmitt trigger circuit was used
to linearize these transitions and improve overall signal quality.
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The required phase shift was achieved through the use of a CD4046B
phase lock loop chip. The "edge controlled digital memory network"
comparator included on the chip was decided upon despite its lower
noise immunity because it provided zero degrees phase shift between
signal and VCO output for all frequencies within the lock range. The
ninety degrees phase shift was produced with the aid of the following
artifice. A divide by 2 counter (in actuality simply a negative edge
triggered flip flop) was inserted in the feedback path between the VCO
output and the comparator input. The resulting double frequency wave-
form at the VCO output was then inverted and applied as the clock input
to another edge triggered flip flop, the output of which was the desired
900 phase shifted output. Figure 4.2.3b is the final schematic for the
position sensor signal conditioning electronics. The passive element
values shown give a 4.7ms time constant for the low pass filter, which
corresponds to a 3dB drop at 212Hz. This had little effect at the
frequencies of interest, since the observed lock range was 11OHz to
2500Hz, which corresponds to a 550-12500 RPM alternator speed range.
Polarity Detectors. The polarity of the output voltages is con-
verted to logic inputs by the circuit of Figure 4.2.4a. The LF311
voltage comparator was chosen because of its ability to isolate both
input and output from ground, and because of its extremely low input
offset currents.(<24pA). These factors allowed the design of a simple,
single stage polarity detector capable of handling the 100 volt peak
to peak output of the switching stage while interfacing directly with
MOS logic. The l0KP trim pot is used to set the threshold precisely,
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while the zener diode clamps the input. The positive feedback to trim
pin 5 provides several my of hysteresis, preventing oscillation despite
the high input impedance.
The current polarity detector employed a .1002 shunt in the ground
path as shown in Figure 4.2.4b. It also employs positive feedback hys-
teresis, as well as a capability for directly shifting offset voltage.
This offset capability is particularly important for this application
since the input voltage range is only 200mV,.
Trigger Circuit. The trigger circuit decodes the three CMOS logic
inputs into four logic level outputs, corresponding to the four semi-
conductor switch pairs. In keeping with the positive logic convention,
a high level is designated "1" and a low level is designated "0". Thus,
a "1" output from either comparator implies a negative polarity.
The general rule which determines the switching pattern is that a
given current polarity indicates a choice of two possible switch pairs.
If current and voltage oppose, (motor mode) emf is applied such that its
polarity is opposite to that of the voltage. If current and voltage are
of the same polarity, (generator mode) emf is applied such that its
polarity is the same as that of the output voltage.
Consider the typical output waveform shown in Figure 4.2.5. In
regions I and II,IL(t) is positive, and operation alternates between
switche pairs 2, 7 (as shown in Figure 4.1. ) and 4, 5. For positive
VL(t), the system is operating in region I, and switch pair 2, 7 is
fired for positive back emf. while switch pair 4, 5 is fired for nega-
tive back emf. When VL(t) becomes negative, region II is entered. Here
power flow is out of the load and into the machine. Operation is now
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II III
I I I I
REGION I GENERATOR MODE. POWER FLOWS INTO LOAD THROUGH
SWITCH PAIRS 2, 7, AND 4, 5
II MOTOR MODE. POWER FLOWS OUT OF LOAD THROUGH
SWITCH PAIRS 2, 7, AND 4, 5
III GENERATOR MODE. POWER FLOWS INTO LOAD THROUGH
SWITCH PAIRS 1, 8, AND 3, 6
IV MOTOR MODE. POWER FLOWS OUT OF LOAD THROUGH
SWITCH PAIRS 1, 8, AND 3, 6
Figure 4.2.5 Typical Outout '.aveform,
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VL(t)
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reversed, as switch pair 4, 5 is fired for positive back emf, while
switch pair 2, 7 is fired for negative back emf.
When IL(t) becomes negative, switch pairs 2, 7 and 4, 5 are dis-
abled, and switch pairs 1, 8 and 3, 6 are enabled. As operation pro-
ceeds through region III, switch pair 3, 6 is fired when the back emf
is positive, while switch pair 1, 8 is fired for negative back emf.
When region IV is reached, operation passes from generator to motor
mode once again. In this region switch pair 1, 8 is fired when the
back emf is positive, and switch pair 3, 6 is fired for negative back
emf.
The two machine phases require two parallel sets of outputs such
as the ones described above. The problem could conceivably be approach-
ed by using the 900 phase delayed signal to gate the output of a single
decoder via flip flops such that a 900 delayed version of the direct
phase signal is sent to the quadrature phase. However, in the event
that VL(t) or IL(t) change polarity in the interim, the wrong switches
could be fired. Thus, two virtually identical decoder circuits are
used, different only in the fact that one substitutes the 900 delayed
version of the position signal. The particular implementation chosen
for the basic decoder circuit is shown in Figure 4.2.6 with the accom-
panying logic diagram. It should again be noted that the inputs from
the polarity detectors are "1" for positive polarity, "0" for negative.
Since the polarity of the back emf is dependent upon the polarity of
the field windings, compliance of the position detector output with "1"
for positive, "0" for negative convention is not automatically assured.
Indeed it was found necessary to insert an inverting buffer between the
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V emfl emf 2 emf 2
Figure 4.2.6 Optimized Firing Loaic Diacram.
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schmitt trigger output and the 4046 comparator input.
The logic level operations were performed with CMOS components
because of the greater noise immunity of CMOS relative to TTL. The
NAND gates required were simply CD401lB quad two-input NAND chips.
The chip used for the AND gates at the board output were MM88C30 line
drivers, which have CMOS compatible quad inputs. Since only two inputs
were needed, pairs of inputs were connected together to form a two in-
put device.
The output stage of the MM88C30 is a differential line driver. The
chip can therefore be used in an AND or NAND capacity, simply by revers-
ing the leads. The high current capacity of the line drivers allows
direct operation of the isolation circuitry described in section 4.3.
The eight output lines are fed directly to each power board via four
twisted stranded pairs encased in a shielded cable.
The final schematic for the firing circuit control board is shown
in Figure 4.2.7. The board has as its signal inputs the shunt voltage,
the load voltage V, (t), and the two leads from the FPA-105 light sensor.
The board also provides the excitation for the LED segment of the FPA
105. The board has sixteen output lines, consisting of eight twisted
stranded pairs. Power is brought onto the board from a 1-amp, 5-volt
semiconductor supply which is built into the control board chassis.
The chassis encloses the control board on five sides with aluminium in
an effort to provide some EMI shielding. The various input and outputs
to the board pass through grommets mounted in the chassis. A separate
chassis contains the power boards which are described in the following
section.

4.3 Drive Stage Design.
The switching stage consists of two identical boards, one each
for the quadrature and direct phases. The only differences are the
input and output connections, which are defined in sections 4.1 and
4.2 respectively. Each power board therefore consists of eight SCR
switches with the associated isolation and driver components. These
switches are always operated in pairs, but because of the floating
nature of the switch terminals, a separate isolation and drive stage
is required for each SCR. A discussion of the detailed design of this
stage follows.
Isolation is achieved through the use of an HP2602 optocoupler.
The part contains an internal shunting network which maintains the
proper current for the LED. This largely removes the need for an ex-
ternal shunting network. The device has a very high Common Mode Re-
jection Ratio (CMRR). The combination of twisted stranded input leads
and high device CMRR minimizes the potential for noise induced failures.
Because switches are controlled in pairs, a single MM88C30 output
(see section 4.2) must drive two HP2602s. The current required for
this task is well within the capabilities of the MM88C30. It will de-
grade output switching performance, but the data rates at which the
MM88C30 will perform are still much faster than required. Maximum data
rate is maintained at the front end of the HP2602 through addition of
a 100l series resistor and a schottky diode. The conceptual schematic
for the line driver/receiver coupling is shown in Figure 4.3.1.
The output side of the 2602 consists of a transistor buffered TTL
AND gate. The DC gate drive required to turn the S5800 on is in the
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vicinity of 40mA, depending upon load. Because the RCA data sheet
does not fully specify DC gate drive requirements for the S5800, a
group of random part samples was bench tested. From these empirical
results it was determined that 90mA at approximately 1 volt was more
than sufficient to turn on the S5800 into a 4 amp load. The output
stage of the HP2602 is not capable of providing this much current, so
a 2N2222 transistor was added. Each drive stage draws power from
floating five volt supplies. The 2602 outputs are pulled up to the
five volt rails, and this output drives the SCR gate. The complete
drive circuit schematic is shown in Figure 4.3.2. It should be noted
that an active pull down for the gate drive was not deemed necessary,
but could be added to improve turn off response.
The electronics described in sections 4.1 to 4.3 correspond to the
switching network which provides the interface between machine and load.
The machine itself, however, has unique qualities which have been assumed
in the preceding analyses and discussions. The particulars for the de-
sign of the rotating machine are therefore the subject of the following
section.
I - -
+5
Twisted, str
from Mi88C3C
Output
S5800E
Drive Circuit Schematic,
-1 f
Figure 4,3.2
4.4 Machine Design.
A performance envelope for the rotating machine had to be selected
prior to the machine design phase. This envelope included consideration
of prime mover characteristics such as speed range and torque, and the
required grid interface characteristics. Together these factors influ-
enced the type of machine design, its sizing, and various other choices
such as number of machine poles.
The machine is designed for application in a Flywheel Energy Storage
System. The design of a suitable FMPC was therefore heavily influenced
by the requirement that it be compatible with the high rotor speeds ex-
pected in such a flywheel module. Three alternatives capable of field
modulated operation were available for consideration: a variable reluc-
tance inductor alternator, a wound rotor induction alternator, or a
permanent magnet rotor alternator. It was found, however, that the
latter two choices are both at a disadvantage at high speeds. Brushes
for a wound rotor are undesirable in a high-speed machine since their
reliability decreases with increasing speed.
All connections to the rotor should therefore be made with either
rotary transformers or separate exciters, which would alleviate the
maintenance problem. At the very high speeds required for maximum energy
densities, however, centrifugal stress considerations may limit the rotor
diameter to a size for which a wound rotor is impractical.
The combination of high speed, stator losses and centrifugal stress
limitations also ruled out the permanent magnet rotor configuration.
Thus the variable reluctance inductor alternator configuration was chosen.
An inductor machine with two identical stators and rotors was required
to create the dual-phase dual-field machine described in section 3.3.
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The speed range for the machine was limited to a 10,000 RPM
maximum in order to ease machining costs for the prototype. Rotor
burst strength is, however, estimated in excess of 40,000 RPM. An
arbitrary lower limit to the operating speed range was set at 5,000
RPM. Since the desired output frequency was 60Hz, a minimum value
of 10 for the ratio ma/Wm could be used to determine the required
number of poles through the relationship:
fs(RPM) P
a 60(seconds/minutes) 2
where fa is the alternator output frequency in Hz
fs is the shaft frequency in RPM
and P is the number of machine poles.
ma/Wm = 10 implies that fa is 600Hz. In deference to machining
time and costs, the actual number of poles was limited to twelve, a
number which still allows for a maximum frequency ratio in excess of
eight.
The mechanical detail which follows is included to support refer-
ences made in the description of the electrical design of the machine.
A detailed description of the magnetic design is presented in Appendix I.
The mechanical design is based upon the conventional horizontal
shaft open-frame machine shown in Figure 4.4.1. There are two stators
and two rotors, which are mechanically identical. Each stator has 24
winding slots, mechanically aligned. One stator carries the in-phase
field winding, while the other carries the quadrature field winding.
The input/output and field windings are interwound on each stator.
Figure 4.4.1 3/4 View of 1tator anr: Rotor -licnrent.
'1
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Quadrature voltage output is obtained by shifting the quadrature
winding pattern by one tooth with respect to the in-phase winding
pattern.
Each rotor has six teeth, mechanically aligned on a common shaft
as shown in Figure 4.4.2. The magnetic material is a high-permeability
nickel-iron which was selected for its low magnetic loss characteristics
rather than for a high flux saturation threshold. This improved flux
leakage characteristics at the expense of machine capacity, which was
deemed a worthwhile tradeoff for this prototype design.
One of the unique features of the inductor alternator design was
the winding pattern used to create dual-field action. As stated in
Chapter 3, a crucial requirement was that each machine output phase be
capable of producing two independently controllable square wave outputs
of the type shown in Figure 3.3.4. There are several ways in which this
can be accomplished. The approach used was the combination of multiple
windings on a 24-tooth stator with a 6-tooth rotor. This mechanical
arrangement can be seen in Figure 4.4.2. A suitable winding pattern,
however, is not uniquely determined by this mechanical configuration.
The desired outputs are:
VI = VD S(t) + VQ S(t + 900) (2a)
V2 = VD S(t + 900) + VQ S(t + 1800) (2b)
These can be generated by two field windings, one on each stator.
Consider now four output windings, two on each stator. The outputs
on the "direct" stator will both be proportional to VD, while those on
the quadrature stator are proportional to VQ. Thus if a given stator
can be wound to produce S(t) and S(t + 90'), a mechanical displacement
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Figure 4.4.2 Pictorial Representation of , inding Pattern.
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of the other stator by one tooth produces another 900 of phase dis-
placement. Appropriate series combinations of the output windings
are then used to obtain the emf's of equation (2).
Having established the background for the problem, the winding
pattern used to produce the required outputs is presented without
formal derivation. A picture depicting an eight tooth section of
the winding pattern for one stator is shown in Figure 4.4.2. This
same section of stator corresponding to the section designated "A"
in Figure 4.4.3, which is a graphical representation of the complete
machine winding pattern.
Figure 4.4.4 shows the flux linked by each output coil as a
function of rotor position. The resulting electromotive force can be
found by differentation of this flux waveform. Graphical differenta-
tion of the waveforms of Figure 4.4.4c & e yields the waveforms of
Figure 4.4.4d & f, which are in fact the desired outputs. Appendix I
contains more detailed information which allows calculation of the
amplitudes of these various waveforms. The analysis of Appendix I re-
quires knowledge of the number of turns wound for each winding. This
information is therefore included in Table 4.4,1.
Voltage Control Field
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IOTE: The associated output windincs from each stator are
connected in series. The two resulting pairs output
leads are then connected directly to the input terminals
of the two switchinn circuits.
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Table 4.4.1 Machine Winding Data
TURN/COIL
200
200
25
25
25
25
AWG
#22
#22
Triple
Tri ple
Triple
Triple
NO, COILS
6
6
6
18
18
6
#23
#20
#20
#23
5.1 Summary of Results.
The objective of the tests conducted was the experimental verifica-
tion of the theory of operation developed in prior chapters. The results
were positive, indicating that relatively low ripple AC and DC output
waveforms could be produced in the predicted manner. Also demonstrated
was a full reactive power handling capability.
5.2 Description of Test Procedures.
Tests were conducted upon the field modulated power converter to
determine its capabilities in the context of variable speed-constant fre-
quency operation. These tests necessitated a number of pieces of hardware
in addition to those designed specifically for the field modulated power
conversion system. The major items are listed below:
1. A lHP, 6000 RPM DC motor, which was used to provide mechanical
power to the shaft of the inductor alternator via a 3:5
timing belt.
2. A 50 Amp, 38 Volt DC power supply, which was used to provide
power to the DC motor.
3. An HP203A dual output-variable phase angle frequency generator,
which was used to control the excitation of the input fields.
4. Two Kepco 75 Volt, 5 Amp power operational amplifiers, which
were used to provide sufficient power gain for the signals pro-
duced by the HP203A.
5. Two power decade boxes, one real, (l-1l00k2) the other reactive,
(lmH-1H).
When the FMPC is used to drive an isolated load as opposed to a bona
fide power grid, there is no waveform to which the FMPC output must be
matched a priori. The current and voltage zero crossing detectors employed
at the front end of the control board can not use the grid waveforms to
determine firing order. Proper trigger sequencing was therefore achieved
by connection of the appropriate zero crossing detectors to the terminals
of the input field windings.
The reactance of the field windings was tuned out by the addition of
a series capacitor selected such that the terminal impedance at 60Hz was
purely resistive. This had two desireable effects.
1. Terminal voltage and current were in phase, implying a minimal
need for modifications to the zero crossing detectors at the
front end of the control board.
2. The choking effect of the 670mH present in each field winding
was removed, decreasing the voltages required to safer, more
readily available levels.
The procedure used in testing was as follows:
1. The gains on both amplifiers driving the field inputs were
set to zero. This assured no voltages were present in the
system (assuming a passive load).
2. The 5-Volt supplies for the control board and the power boards
were activated. A visual check of the status of the drive
stage for each SCR could be made with the aid of the series
LED's.
3. Field excitation current was applied to the DC motor. Main
power was then applied to the DC motor, which was brought to
the desired speed as indicated by a frequency counter driven
by the output of the schmitt trigger on the control board.
4. With the output terminals open circuited, the voltage field
was adjusted to provide the desired voltage.
5. The resistive portion of the load was then engaged, and the
current field adjusted to minimize ripple.
6. The inductive portion of the load was then engaged, and the
phase angle on the HP203A adjusted until the output current
waveform exhibited a smooth transition from positive to negative.
7. Measurements, photographs and other observations could then be
made under essentially steady state conditions.
5.3 Discussion of Experimental Results.
The experimental portion of this thesis resulted in the demonstra-
tion of a working field modulated power converter, and the verification
of analytical work that predicted machine performance. These results
are quite distinct, and are therefore presented separately.
Qualitative Results
After completion of operational testing at the subsystem and com-
ponent levels, the system was integrated and operated in both the modu-
lated (VSCF) and unmodulated (VSDC) modes. During the course of these
tests, the system was found to operate qualitatively as predicted.
This statement is supported by the photographs of oscilliscope traces
shown in Figures 5.3.1-5. These photographs represent waveforms observed
during actual machine operation, and as such should be compared with the
sketched predictions of Figures 3.2.2 and 3.3.2.
Figure 5.3.1a shows the in-phase relationship between the voltage
and current waveforms at the output terminals of one motor phase. As
was expected, the zero crossings did in fact coincide. Something which
was not predicted was the slight distortion evident in both the voltage
and current traces. This distortion corresponds to an output ripple at
the alternator frequency. The magnitude of this ripple can be minimized
through adjustments of the current control field to approximately 5-6%.
Figure 5.3.1b shows the current output waveforms from machine phases
1 and 2. As can be seen, the two are 900 out of phase. When these two
alternating current waveforms are rectified, their sum is the desired
DC output, again with a small ripple component.
50V/div.
.5A/div.
5ms/div.
a) Output from a single machine phase during
operation into a 100Q load.
DC (unmodulated)
.5A/div.
.5A/div.
Sms/div.
Output current of both machine phases
operation into a 100P load
during DC (unmodulated)
Figure 5.3.1 Voltage and Current Waveforms
Unmodulated (DC) Operation.
During
The ripple performance shown in these figures can be improved.
The original winding configuration of the machine produced better quality
output waveforms at the expense of underutilization of the available
machine flux. The machine was rewound to improve power capacity, and in
this process the asymmetry in the output windings shown in Figure 4.4.3
was introduced.
The problem stems from the fact the two phases are required to be
identical. The resistance of the 18 coil winding was approximately
matched to that of the 6 coil winding through consideration of the length
of wire required for each winding. This information was used to deter-
mine the machine winding data as specified in Table 4.4.1. Thus while
the result was acceptable, it is not representative of the best possible
performance attainable.
Figure 5.3.2 shows unloaded terminal voltages for the two machine
phases. Figure 5.3.2a corresponds to unmodulated operation, while
5.3.2b represents 60Hz modulated operation. In both these cases the
alternator frequency is approximately 800Hz.
The traces shown were generated with the voltage control field
excited to approximately twice the level to which the current control
field was excited. Since the output was unloaded, the effect of the
additional emf generated by the current control field can be seen
directly. If a suitable load were engaged, the machine would still be
required to generate the same emf, but only the component induced by the
voltage control field would appear at the machine terminals.
One further point of interest is the asymmetry between the outputs
of the two machine phases. The two traces of Figure 5.3.2a, for
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50V/div.
50V/div.
.5ms/div.
a) Output from both machine phases during unloaded DC operation.
50V/div.
50V/div.
2ms/div.
b) Output from both machine phases during unloaded AC oneration.
Figure 5.3.2 Summation of Generated emfs for Unmodulated
(DC-above), and Modulated (AC-below),
Operation.
instance, should be identical except for a 90' phase shift between
the two. Upon inspection, however, it becomes evident that the lower
trace is significantly closer to desired waveform than the more round-
ed upper trace. This asymmetry is again due to the use of asymmetri-
cal output windings, and could again be corrected by rewinding the
machine.
Figure 5.3.3a shows the voltage which exists at the machine out-
put terminals after the appropriate load is connected. The unloaded
emf is still as shown in Figure 5.3.2b, but the machine terminal vol-
tage now consists of a variable-speed square wave carrier modulated by
a 60Hz sine wave.
Note that the high-frequency square waves are 900 out of phase,
It should be further noted that the envelopes are precisely in phase,
as is necessary for proper operation,
Figure 5.3.3b shows the current waveforms corresponding to the
voltages of Figure 5.3.3a. As predicted they are triangle waves with
zero crossings which coincide with the zero-crossings with the cor-
responding voltage waveforms. The switching circuit rectifies these
two currents and sums them. The results of this summation is the
bottom trace of Figure 5.3.3b. The trace shown is actually a voltage,
but was measured across a resistor and thus may be directly related
to the load current. The slight ripple seen on the output voltage
could be decreased in one of several ways:
1. Increasing the alternator frequency, which would decrease the
energy under each perturbation and also increase the ripple
frequency, making it more easily attenuable.
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50V/div.
50V/div.
2ms/div.
a) Voltage output from both machine phases during AC
operation into a 1000 resistive load.
.5A/div.
.5A/div.
50V/div.
2ms/div.
b) (Top two traces) Current output of both machine phases
during AC operation into a 100 resistive load.
(Bottom trace) Corresponding load voltage.
Figure 5.3.3 Voltage and Current Waveforms for
Modulated (AC) Operation into a
Real Load.
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2) Rewinding to remove the asymmetries would probably decrease
output ripple.
3) Addition of output filters would attenuate the ripple com-
ponent.
The result of the addition of a simple output filter is shown in
Figure 5.3.4a. The upper trace is the voltage across both the choke
and the resistor. The lower trace is load current, This photograph
has two significant implications, The first is evident; clearly the
ripple which was absorbed in the choke manifested itself as voltage
noise. This is not unexpected, and different filter types would pro-
duce different tradeoffs of this sort. The more important result is
that the field-modulated power converter is capable of directly driv-
ing a reactive load. It was found that, as predicted, a small phase
shift in the current control field excitation was necessary to com-
pensate for the slight lag between output voltage and current. Fur-
thermore, despite the lag between output voltages and current, the
relationship between voltage and current at the machine terminals was
maintained, with zero-crossings synchronized as in the purely resis-
tive case.
As Figure 5.3.4b shows, the current waveforms display the same
phase relationship shown in Figure 5.3.3b, The bottom trace again
shows the voltage across both the inductor and the resistor,
Once FMPC operation had been tested in conjunction with a slightly
inductive load, the next logical step was to test with a highly in-
ductive load. The results of this test are shown in Figure 5,3.5a,
20V/div.
.2A/div.
5ms/div.
a) Load voltage (above) and current (below) during AC operation
into a slightly inductive load.
.5A/div.
.5A/div.
50A/di v.
2ms/div.
b) (Ab'ove) Output current from both machine phases during AC
operation into a slightly inductive load. (Z = 1000 + j28Q)
(Below) Corresponding load voltage.
Figure 5.3.4 Current and Voltage Waveforms during Operation
into a Sliohtly Inductive Load.
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50V/div.
.5A/div.
5ms/di
a) Output voltage and current for AC
load. (600 power factor)
V.
operation into a .100 + j1760
1A/div.
.2A/div.
5ms/div.
b) Field input waveforms correspondina to the output waveforms
shown above.
(Top trace) Voltage control field
(Bottom trace) current control field
Figure 5.3.5 Output Waveforms and Field Control Input Wave-
forms during Operation into a Complex Load.
The upper trace, output voltage, shows a great deal of noise. The
lower trace is the output current and it is almost purely sinusoidal
as one would expect from a load with a 60' power factor angle. It
is not likely that this type of load would ever be seen as a ripple
filter. In fact, it is not likely that this reactive load would ever
be encountered except in the context of a motor starting transient.
Nonetheless, the FMPC demonstrated a capacity for handling such highly
reactive impedances.
One further point is brought out by the information contained in
Figure 5.3.5b, which shows the currents inputs to the two control
fields. As expected, the current control field lags the voltage con-
trol field by approximately 600. The ripple seen on the lower trace
is induced by the current flowing in the output fields and was not
found to be significant.
Quantitative Results.
Further experimentation of a more quantitative nature was per-
formed in an attempt to confirm the theoretical understanding of the
machine in both of its operational modes. Thus, experiments were per-
formed for both the modulated and unmodulated modes of operation. At
each of the operating points in the above tests, appropriate measure-
ments were made of all of the various inputs and load parameters.
The data recorded was tabulated, graphed, and compared with the pre-
dictions of the analyses of Appendices I and II. The results were
consistent with the expected results to within the accuracy of the
calculations themselves. A more detailed discussion of the results
follows. The discussion is divided into two parts, the first dealing
with unmodulated operation, the second with field modulated operation,
The DC operating characteristics for the inductor-alternator were
developed in Appendix I. The results of this analysis are two ex-
pressions which relate the input parameters to the performance of the
machine at the output terminals. The two output characteristics that
are relevant to DC operation are simply the output terminal voltage
and the output current. Since the quadrature, or current control field,
is used to adjust for the emf absorbed in the machine inductance, the
output voltage is simply equal to the emf generated by the direct, or
voltage control field, and is therefore equal to e0 as calculated in
Appendix I, and as shown below:
V = e 4 ra . aVf (1)
The parameters which are readily adjusted in this expression are
the alternator frequency (fa), and the voltage control field excitation
(IVf). The other terms are combined to form the relationship
V = kV*I f a ,  (2)
or V = .160'If fa. (3)
Thus, the locus in the fa.-f plane of constant voltage is a hy-
perbola. Four such hyperbolas are plotted in Figure 5.3,6a, which
shows both the curves predicted by equation (2) and those actually ob-
served in the laboratory. In the figure, the dotted lines correspond
to the predicted results while the solid lines represent the observed
1.0
.8
IVf
(.DC Amps)
a) DC Excitation
1.0
.8
IVf
(rms amps)
b) 50Hz AC Excitation
100
3 75
VDC
VDC
50 VDC
25 VDC
200 400 600 800
fa(Hz)
100 VAC
75 VAC
50 VAC
25 VAC
200 400 600 800
Figure 5.3.6 "Voltage Control Field" Input Required to Generate
a Fixed Voltage Output as a Function of Alternator
Frequency. Theoretically Predicted Curves are Solid
Lines, Observed Curves are Dotted Lines.
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results. The four sets of curves correspond to four different out-
put voltages, and the maximum values of the ordinate and abscissa
define the nominal limits of the operating range for the machine. As
can be seen, the observed locus is in fact hyperbolic, but the effec-
tive voltage gain coefficient kV is only about 80% of the predicted
value. This can be attributed to the various flux leakage paths
which were not accounted for in the analysis of Appendix I. An ad-
ditional contributor is the asymmetry of the output windings discussed
earlier in this section. These asymmetries degrade waveform quality,
in the process decreasing the set output voltage. The observed results
are thus consistent with a voltage gain coefficient of kV = 0.128,
which implies that
V = 0 .128 If fa. (4)
Similiarly, the relation between the input parameters and the out-
put current, derived in Appendix I, is
I L o - I (5)I f =rvpoNfNo ra load'
o g _V_ _a Vf
or I -fg vf vf (6)If oNfN ra Rloado f 0  raload
where Rload is the resistance of the load, Substitution for the known
quantities yields the result
I = 7.0.1002 fa Vf (7)
load
The implication of equation (5) is that a given output current
requires a fixed current field excitation, regardless of output fre-
quency. Equation (7) indicates that for a given voltage field exci-
tation, the current field excitation increases linearly with frequency.
This relation is verified experimentally in Figure 5,3.7, which shows
the current control field input current required as a function of al-
ternator frequency for a constant voltage field excitation and two
values of Rload' The resulting curves are in fact straight lines which
pass through the origin, and equation (7) predicts their slope within
the accuracy of equation (3). The reasons for this difference between
calculated and observed results are essentially identical to the dif-
ferences observed in the predicted output voltage. Asymmetries and
leakage inductances again act to decrease machine efficiency.
The gain coefficients observed in DC operation also apply to AC
operation, with the exception that leakage inductances add another po-
tential loss source for field modulated operation. Comparison of
Figures 5.3.6a and 5.3.6b indicates, however, that the gain coefficients
are consistent for unloaded 50Hz operation. The fact that this is
predicted by the AC analysis of Appendix II indicates that the additional
leakage term is not a significant factor.
Modulation of the input field excitation implies the addition of
a quadrature term to the expressions that characterize DC operation.
Thus, the AC counterpart to equation (2) is
f 2
EV f 2a (f I If kfaIVfkV), (8)
a 100
100
.8
.6
If
(DC Amps)
.4
.2
Figure 5.3.7 Required "Current Control Field" Input Current as a
Function of Alternator Frequency for Constant "Vol-
tage Control Field" Inout Current for the Unmodulated
Case (fm = 0).
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101
50P
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where fm is the modulation frequency, and the quantities represented
in upper case characters are magnitudes of AC terms. Similiarly,
the AC relationship for the current control field input current also
contains a modulation frequency dependent term as shown:
e 4L fm R
{-+ - R . (9)f R -f 4L- 9)
a
This relation was also tested experimentally, with representative
results shown in Figure 5.3.8. The predicted curves are based upon
the observed DC gain coefficients, and the overall slopes are therefore
consistent with those observed. The deviation from linearity in the
tails was predicted by the model, but the slightly greater deviation
exhibited by the actual measured results is directly attributable to
the leakages, which were not accounted for in the analysis of Appendix
II.
Thus, the performance predicted by the inductor-alternator model
is consistent with the observed behavior, although precise prediction
would require the adoption of a more complicated and cumbersome model.
Such a model would probably be useful if closed loop field control
were used in the AC mode. The addition of such a controller around
the two field inputs would be a logical next step in the development
of the field modulated power converter.
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Figure 5.3.8 Required "Current Control Field" Input Current as a
Function of Alternator Frequency for Constant "Vol-
tage Control Field" Input Current for the Modulated
Case (f = 50Hz),
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6.1 Conclusions.
This thesis was centered upon the design of an unique electro-
mechanical power conversion system, the bidirectional field modulated
power converter. The major objective was the development of a func-
tioning prototype.
This objective was met through a four step process as follows:
1. A particular machine implementation was given (a dual-field,
dual-phase, heteropolar inductor-alternator).
2. An analytical characterization of the machine was developed
to determine the performance requirements for the balance of the system.
3. The machine was rewound to make its characteristics conform
more closely to those desired.
4. Based upon the analysis of the machine, a power switching cir-
cuit was designed and implemented.
Testing of the resulting system confirmed both the general theory of
machine operation and the validity of the firing circuit design.
The system operated as predicted which implies that the following
conclusions can be drawn.
1. A fully bidirectional power flow capability can be achieved
with field-modulated power converters.
2. Four quadrant operation can be achieved with naturally commu-
tated switches through use of this field-modulated power converter.
3. The variable-speed to constant frequency power conversion can
be achieved without the use of external filtering. The field-modulated
power converter produces a low-ripple output directly.
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Each of these three conclusions represents an advance in the state of
the art in field-modulated power converter design. All three were
achieved because of the special properties built into the inductor-
alternator and the associated switching circuitry.
6.2 Recommendations.
The value of a dual-field dual-phase design is not unique to hetero-
polar inductor-alternators. Similiar results could be achieved through
the use of a doubly fed synchronous machine. The choice between machine
implementations raises the application based questions of efficiency,
power density and reliability, among others.
The judgement involved in making these tradeoffs must be deferred
until a specific application is defined. Several important conclusions,
however, can be drawn independently. The naturally commutated operation
of the switching circuit implies that the approach should scale well to
higher power levels. The upper bound on power capacity would probably
be determined by the degraded switching speeds found in high power SCRs.
Furthermore, because SCRs are the only power components required, scaling
to increased power levels appears to be desirable from an economic view-
point as well. Thus, development of a higher power system is warranted.
Further work which could be performed on the present system includes
development of a closed loop controller for the field winding inputs.
These inputs are controlled by manual adjustment of the relative magni-
tudes and phases of the two input fields. This arrangement is adequate
for use in determining the basic operating characteristics of the system,
but a specific application would create requirements for a controller.
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The number of degrees of freedom and the required bandwidths would then
determine the factors critical to the controller design.
The final result is that a new and potentially useful concept has
been tested and verified both analytically and experimentally. The
final conclusion is that a more application oriented system should be
developed in order to put the many design choices available into a more
practical context.
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Appendix I. Analysis of the magnetic circuit model for the Dual-Phase,
Dual-Field Inductor-Alternator.
The instantaneous flux distributions in the inductor-alternator may
be modelled by magnetic circuits with time varying parameters. Perform-
ance characteristics of the inductor-alternator may therefore be pre-
dicted through use of a series of lumped parameter representations.
This appendix parametrizes the relationships between the magnetic
and electrical characteristics of the machine in terms of measured quanti-
ties. This development ignores the transformer coupling effects which
result from modulation of the field excitation inputs. Transformer
coupling of modulated inputs is analyzed in Appendix II.
The dual-phase, dual-field nature of the machine implies that several
different emfs are produced. The emfs produced in the two machine phases
are identical except for a phase difference, and therefore need not be
treated independently except as pertains to cross-coupling effects.
A significant complication is imposed by the dual-field condition,
which implies that there are two independent emfs which must be related
to empirically known quantities. These two emfs are controlled by the
voltage and current excitation fields, and are therefore denoted eV and
eI , respectively. The relationships defining the interactions between
the physical and magnetic parameters are determined as follows:
1. The flux densities and flux linkages are calculated as functions
of the machine dimensions.
2. The differential fluxes are calculated, and from this an ex-
pression is derived for the generated emf.
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3. An expression relating field input current to output current
is derived.
4. The results of these analyses are then compared with experi-
mental data in Section 5.3.
Two assumptions are made in the calculations of magnetic quanti-
ties from actual design specifications. First, the radius of curva-
ture of the rotor is assumed to be infinite relative to the width of a
tooth. This assumption implies that the surfaces of rotor and stator
are planar and parallel. Second, fringing effects are assumed to be
negligible. Thus, the reluctance between the two parallel surfaces is
R = g/ioA (1)
where g is the separation distance and A is the cross-sectional area.
The relationship between flux and reluctance is then simply
Nfi
R
g
foNfiA
or =  (2)
g
Quantity Symbol Value
Rotor Radius r 2,0in.(.051m)
Stator Length a 1.6in,(.041m)
Rotor Gap g .040in.(1,0O10 3 m)
Turns per Tooth
"Voltage Field" Winding NVf 200 turns/tooth
"Current Field" Winding Nlf 200 turns/tooth
Output Windings No  25 turns/tooth
Table I-1 Physical Data For The Experimental Inductor-
Alternator.
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The flux linked by a given coil of N turns is
X = No#
so the flux linked by the output winding is
Io0NfiA
0o  g
The generated emf can be found with this relation w
material is of infinite permeability and does not s
alized expression for generated emf is
e dX _N
o dt dt
The corresponding difference equation is
(3)
hen the magnetic
aturate. The gener-
(4)
e N A •  (5)
o At
Over a half-cycle of the alternator frequency, the change in the field
winding flux linked by the output winding is
S= 2u NI A (6)0o f g
where A is the area of the twelve stator teeth which are opposite the
rotor teeth. This area is equal to
A = Tra (7)
where r is the rotor radius and a is the depth of the rotor and stator
assemblies. Combining the above relations yields the following expression
for the emf generated by an output winding for a given field excitation:
e 4 NN rd . .fe o= 4oNf  g fa'f
where fa is the alternator frequency.
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(8)
Substitution into equation (8) of the values given in Table I-1 yields
the numerical relationship
e = .160*If'fa .  (9)
This expression is valid for emfs excited by either the voltage
control field or the current control field, because both have the same
number of turns per tooth. Since the current control field is designed
to generate sufficient emf to cancel the effect of the internal machine
inductance, when correctly adjusted the emf induced by the current con-
trol field must equal the inductive emf generated by the output current.
This inductive emf is determined by the output field winding through
the following relation:
di0  dL0
eL = dt + o dt(10)
Because of the sawtooth nature of the flux waveform, this expression may
be rewritten in difference equation form:
Ai AL
e=LO o A  (11)
L o At +  o At
Measurement of L0 as a function of rotor position indicates that
AL is approximately 5% of the measured output inductance, and since io
is a similiar function of position, the effect is insignificant. Thus,
to a close approximation,
e = Ow (12)
L o At
where L = .022H.
Since the current output of the machine is rectified, Aio is twice
the DC value of the output current of the machine. Also, At is one half
the period of the waveform, so
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At = 1/(2f a ) (13)
which implies that
eL = 4 Lofa Iload" (14)
If equations (8) and (14), the expressions for the two emfs, are now
equated, the result is
47NN 0  ra g f, a = 4Lof aIload, (15)
which yields the following expression for the excitation current in terms
of output current:
I L g 9f 7Ti NfN ra load' (16)
Substitution for the known quantities gives the result
f = .54911load' (17)
These predictions are compared with experimental results in Section
5.3. The added effects created by modulation of the input fields are dis-
cussed in Appendix II.
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Appendix II., Analysis of field modulation induced transformer coupling
effects in the Dual-Phase, Dual-Field Inductor-Alternator.
Application of a sinusoidally varying input current to the field
windings produces transformer coupling effects not present for DC exci-
tations. The analysis of Section 3.3 describes this transformer coupling
and how the second field can be used to adjust for it, but does not fully
detail its implications upon the field inputs. The analysis contained
in this appendix derives a more complete set of transformer coupling re-
lationships.
The input currents to the two field windings are denoted IIf and IVf,
for "current field" input current and "voltage field" input current, re-
spectively. The magnitudes of the unloaded, or open circuit emf's pro-
duced by these two fields are
f
e = Ifk f - fm ev ,and (la)
a
f
eV = I Vf kv fa - e I  (lb)
a
where in each case the second term is the result of transformer coupling,
and where fa is the alternator frequency, fm the modulation frequency, and
the two constants k calculated in Appendix II. Solution of this system of
equations for eV and eI yields the following relations:
f 2
e I = - -- 2-fm)  aIIfkI - fm' Vf'kV) (2a)
a m
f 2
and e = fa 2  (-f 'I k + f Im f ki)  (2b)V (f Z-fm a Vf V m if Ia m
These equations determine the magnitude of the open circuit output emf's
for any given combination input field excitations and frequencies. A more
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useful form from a control standpoint would be a relation which gave
the input excitations required to produce a given output condition.
These relations can be obtained if the relation between eV and eI is a
constant, since eV is proportional to output voltage and eI is propor-
tional to current (a resistive load is assumed for simplicity).
The constant of proportionality is found with the aid of the re-
lations derived in Appendix I. Specifically, the emf which must be
negated through the addition of current field excitation is
e I = Lo dio/dt.
The equivalent difference equation is
AI o
e= L AI o At
But AI = 2 1 = 2 ev/R.
2L .eV  4 Lo*fa
I =  RAt - eV (3)
which is the desired relationship. Equation (2) may now be rewritten in
terms of eV only as follows:
4L. f f 2
R a eV f 2af a If - fmVf.kV) (4a)
a m
f 2
e_ a (-f *I "k + fm I .k )V fa 2.-f 2 a VfV If I (4b)
This system of equations may now be solved for the two field excitations,
lIf and IVf* The algebra involved is tedious, although straightforward,
and is therefore omitted. The resulting expressions for IVf and Iif are
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eV 4fmL /R+l (5)IVf = -T fV a
el 1 {m R f
and If - 1 + m RIf f2 4L
which may also be written in the form
eV 4L0  fm R~
If k I R- f 2 4L
I a o
Note that these relations are consistent with the analysis of
Appendix I, which considered the DC case, where wm = 0. The predictions
of these equations are compared with experimental results in Section 5.3.
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